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Raising global food production is essential to eradicate hunger and achieve food and nutrition security. But 
agriculture has become the world’s single largest driver of environmental degradation, and it is pushing Earth 
beyond its natural boundaries. Sustainably feeding future generations requires a fundamental shift in 
global agriculture.  
Since its inception in 2012, the CGIAR Research Program on Water, Land and Ecosystem (WLE) has 
developed scientific evidence and solutions for sustainably intensifying agriculture. For WLE, sustainable 
intensification means more than minimizing agriculture’s environmental footprint; it means making sure that 
agriculture adds value to the environment, while it supplies global populations with sufficient food, nutrition and 
income.
More than 500 million smallholders worldwide stand to benefit from sustainable intensification of agriculture. 
Historic commitment to the UN Sustainable Development Goals (SDGs) and the Paris Climate Agreement 
further highlights the need for investing in sustainable and resilient agriculture.  
But achieving sustainable, healthy food systems requires identifying incentives for sustainable farming. 
Likewise, it hinges on social and institutional innovations to mitigate trade-offs and achieve synergies, and 
enable equitable access to knowledge and resources. Not least, integrated solutions that work across sectors, 
disciplines and scales will be essential to realizing such a fundamental shift. Such innovations are what WLE has 
worked to develop. The Program’s findings are summarized in this series of briefs, titled Towards sustainable 
intensification: Insights and solutions.
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DEFINITIONS
Aquifer – an aquifer is a geological formation (or sometimes part of a formation or a group of formations) 
that contains saturated material of sufficient permeability to yield ‘useful’ quantities of water to wells 
and/or springs. An aquifer may be confined or unconfined. Unconfined aquifers can receive direct 
recharge from rainfall infiltrating and percolating through the unsaturated (or vadose) zone down to the 
water table. Confined aquifers are separated from the surface by impermeable materials and cannot 
be recharged directly by rainfall.
Aquifer overexploitation – intensive abstraction of groundwater, where the ‘overall cost of the 
negative impacts of groundwater exploitation exceed the net benefits of groundwater use’. 
Environmental flows – water that needs to be specifically allocated to environment. 
Environmental  flows (EFs) describe the quantity, timing, and quality of water flows required to 
sustain freshwater and estuarine ecosystems and the human livelihoods and wellbeing that depend 
on these ecosystems. 
Groundwater – underground water that has come mainly from the seepage of surface water and is 
held in pervious rocks or sediments.
Groundwater table – the level below which the ground is completely saturated with water.
Recharge – the replenishment of groundwater from direct infiltration and percolation of precipitation, 
seepage through stream and lake beds, and from return flows from human activities. 
Sustainable abstraction, acceptable abstraction or ‘safe yield’ – an estimated acceptable rate of use 
of groundwater that does not cause aquifer overexploitation. They are relative terms and involve value 
judgments. 
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Access to groundwater allows farmers to intensify and 
diversify their cropping systems, improve household 
food security and incomes, and shield against 
droughts. Over the past half century, groundwater 
has boosted agricultural production and underpinned 
agrarian transformation in large parts of Asia, North 
Africa and the Middle East. 
Unsustainable use of groundwater, however, 
can have severe and long-lasting consequences for 
ecosystems and societies. Today, groundwater and its 
socio-economic benefits in both rural and urban areas 
are threatened due to pollution and overexploitation 
caused by indiscriminate land use and countless 
unregistered private wells.  
Research that quantifies both the potential for, as 
well as the risks from, groundwater development, 
coupled with innovative management and policy 
solutions, can help guide sustainable groundwater use 
in the future. 
Global
Groundwater currently supplies approximately 40% 
of the world’s irrigated area. It enables 13% of total 
food production, and groundwater contributes to 
about 44% of irrigated food production worldwide 
(Villholth et al. Forthcoming). 
While use of groundwater has significant potential 
for boosting future agricultural yields, food production 
in some regions of the world is increasingly causing 
groundwater resource depletion, meaning that 
abstraction rates exceed replenishment levels. 
Globally, an estimated 14 to 17% of food produced 
with use of groundwater relies on unsustainably mining 
of groundwater resources. Regionally, dependence on 
depleting groundwater sources for food production is 
highest in South Asia, the OECD countries, East Asia, 
and the Near East and North Africa (MENA), where 
15%, 16%, 21% and 25%, respectively, of total crop 
production from groundwater is unsustainable (Fig 1). 
Using groundwater for agricultural production has the potential to build resilience in food insecure 
regions of the world. Use of groundwater can boost agricultural production, improve rural incomes and 
strengthen farmers’ ability to withstand climate shocks and water variability. However, for groundwater 
to contribute to sustainable intensification of agriculture, it is essential to know where to invest in 
groundwater development and how to sustainably manage groundwater resources. WLE has identified 
potentially usable groundwater resources in Africa, supported important policy changes to enhance 
the sustainable use of groundwater in eastern India, and has developed maps and new tools that can 
be used to implement new policies supporting sustainable use of groundwater.
GROUNDWATER IRRIGATION TRENDS, POTENTIAL AND RISKS
SUMMARY
FIG. 1. DEPENDENCY ON DEPLETING GROUNDWATER RESOURCES FOR IRRIGATED FOOD PRODUCTION.
Source: Villholth et al. Forthcoming.
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Overexploitation results in falling groundwater tables, 
deteriorating water quality, environmental degradation, 
rising pumping costs, and lower crop yields. Moreover, 
overdependence on depleting groundwater resources 
carries significant risks, compromising future food 
production and global food security as agricultural 
land becomes less or even nonproductive. These 
issues are increasingly discussed at national and 
international levels, such as at the Global Forum for 
Food and Agriculture.
To estimate where and how much groundwater 
can be sustainably abstracted, researchers 
have developed a methodology to calculate the 
contributions of surface and groundwater to 
environmental flows, i.e., the water flows required 
to sustain ecosystems. By considering how much 
groundwater supply is needed to maintain desired 
environmental flow conditions, this methodology can 
help deduce how much groundwater—globally and 
regionally—can be sustainably withdrawn annually 
(Fig. 2). These findings have formed the basis for 
an interactive tool that water managers can use 
to visualize and assess sustainable groundwater 
abstraction scenarios at various scales (Sood et al. 
2017). 
Africa
In Africa, only 1% of cultivated land (some 2 
million ha) is currently irrigated using groundwater, 
and appreciable hydrological potential exists for 
groundwater irrigation across much of the continent. 
A series of continental-scale maps identifies, for 
the first time, the irrigation potential of areas with 
renewable groundwater resources, after accounting 
for human and environmental demand. The maps 
suggest that the area irrigated with groundwater 
could be expanded by a factor of 20, from the current 
2 million ha to 40 million ha. In particular, the semi-
arid Sahel and the eastern regions, stretching from 
Ethiopia to Zimbabwe, may represent significant 
unexploited opportunities for groundwater irrigation 
(Fig. 3). However, in southern and northern Africa, 
significant parts of the region have exhausted the 
potential for development of sustainable groundwater 
irrigation (Altchenko and Villholth 2015).
Groundwater may also be susceptible to 
drought, e.g., where groundwater storage is limited, 
meteorological drought risk is high and where 
population density and groundwater dependency 
are relatively high for both domestic and productive 
purposes. Up to 40 million people in southern Africa 
may already be vulnerable to groundwater drought, 
with greater risk expected in the years to come as 
climate change impacts intensify (Villholth et al. 2013). 
Finally, advances in mapping technology and 
international water cooperation have provided more 
detailed knowledge on the extent of transboundary 
aquifers in Africa. Recent maps identify 80 shared 
aquifers and aquifer systems superimposed on 63 
international river basins. Nearly a third of the continent’s 
population lives within the hydrological boundaries of 
these shared aquifers, which cover approximately 
42% of continental Africa’s land area (Altchenko 
and Villholth 2013). The maps, and complementary 
training materials, respond to an expressed need from 
African decision makers to strengthen the integration 
FIG. 2. GLOBAL GROUNDWATER THAT CAN BE ABSTRACTED WHILE SUSTAINING CURRENT RIVER ECOSYSTEMS. 
Source: Sood et al. 2017.
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FIG. 3. IRRIGATION POTENTIAL FOR AREAS WITH RENEWABLE GROUNDWATER RESOURCES IN AFRICA.
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(a) Actual area irrigated with groundwater in 2005 expressed in ha. per cell adapted from Siebert et al. (2010) and (b) groundwater irrigation 
potential for the year 2000 expressed as the percentage of the area irrigated with groundwater in 2005. Source: Altchenko and Villholth 2015.
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of transboundary groundwater issues into river basin 
management. Scientists have provided mapping 
tools and capacity building on transboundary aquifer 
management, helping to improve cooperation 
between Botswana and South Africa in relation to 
their shared groundwater resource, the Ramotswa 
Aquifer. 
Together, this research and the related tools can 
help investors and policy makers decide where 
and how to sustainably invest in groundwater 
development in Africa to achieve food security, 
livelihood improvements and climate resilience.
Asia
In Asia, groundwater irrigation accounts for 
approximately 14% of cultivated land, and Asian 
groundwater-irrigated areas account for 70% of 
groundwater-irrigated areas globally. The region 
portrays a mixed picture of both areas with potential 
for future growth in groundwater use, and areas where 
groundwater is already overexploited (Shah 2014).  
India presents both of these two scenarios. With 
an estimated 20 million wells, groundwater supplies 
more than half of all the irrigated area in the country. 
Groundwater use in India has grown phenomenally 
during the past five decades, particularly in the arid 
to semi-arid regions in southern and western India, 
which has led to unsustainable exploitation  (Fig. 4). 
By contrast, in large parts of northeastern India, where 
rainfall is plentiful and groundwater development is 
less than recharge, there is significant potential for 
sustainable groundwater development (Bird et al. 
2014). 
These contrasting settings underscore the need 
to identify interventions that fit the prevailing context. 
Long-term research in India provides insights into 
the range of policy and management options that 
exist to sustain groundwater irrigation, including by 
encouraging groundwater use in regions with largely 
abundant supplies while incentivizing conservation in 
water-scarce regions. See below for an example of 
how policy change is being used to promote optimal 
groundwater use in West Bengal.
Furthermore, managing India’s groundwater in a 
sustainable manner requires more than knowledge 
about the hydrogeology of aquifers; it also requires an 
understanding of larger political and social institutions 
that influence decision making on land use, cropping 
and groundwater use. For example, while in the United 
States less than 2% of the population uses about 200 
km3 groundwater annually, drawn from 400,000 wells, 
more than 50% of the population in India uses nearly 
the same amount of groundwater, drawn from more 
than 20 million wells (Shah 2014). This plurality makes 
for a much more complex groundwater economy, 
which is why India has been the focus of much 
research on policies and institutions for sustainable 
management of groundwater resources. 
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Groundwater use in agriculture is soaring in arid and 
semi-arid regions around the world. Never before has 
as much groundwater been pumped for irrigation, 
industry and urban development. The challenge is 
to craft policy and management interventions that 
support its sustainable use in often widely contrasting 
socio-economic and institutional contexts. 
Groundwater is an invisible resource, literally hidden 
below ground. The unclear boundaries of the aquifers 
and the limitations on their sustainable use translate 
into risks for indiscriminate use and confound 
traditional institutional arrangements for common 
resource management. Therefore, sustainable use 
requires assessing, and in some cases revising, 
current groundwater policies as well as exploring 
potential cross-sectoral solutions.
Optimizing groundwater policies to 
boost sustainable groundwater use
In some cases, well-intended but misinformed policies 
stand in the way of effective groundwater use. In the 
eastern Indian state of West Bengal, for example, 
seasonal rainfall is plentiful, but groundwater is largely 
underused. However, the state instituted groundwater 
legislation in the mid-2000s, requiring farmers to 
POLICY AND MANAGEMENT SOLUTIONS FOR 
SUSTAINABLE GROUNDWATER USE
FIG. 4. GROUNDWATER DEVELOPMENT BY DISTRICT IN INDIA.
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apply for permits to use electric tube well pumps, 
based on the assumption that it was necessary to 
preserve the state’s groundwater resources and track 
the number of wells. Consequently, poor farmers, 
with limited access to electricity connections and 
electric pumps, hired expensive diesel pumps, and 
agricultural growth slumped from around 5% per year 
in the 1980s and 1990s to under 2% in the 2000s. 
A few years later, scientists, together with state 
officials, reviewed changing policies to reflect the 
actual abundance of groundwater in the state. The 
final result was a policy change in 2011, based on 
the research recommendations, to relax the electric 
pump licensing process and introduce a flat electric 
connection fee for farmers in water-abundant areas 
to encourage smallholders to use the available water 
to boost agricultural productivity. These changes 
resulted in over 140,000 new electric connections 
for tube wells, which improved irrigation on 250,000 
ha for approximately 1.3 million, mostly smallholder, 
water users. This led to greater net returns, improved 
water quality and higher-value outputs. Researchers 
and officials are now revisiting the policy to see if any 
further modifications are needed to safeguard the 
state’s groundwater resources (Buisson 2015).
Source: Shah et al. 2016  
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Managing groundwater via incentives 
from the energy sector
Incentives for sustainable groundwater irrigation can 
lie outside the water sector. In India, for example, the 
introduction of farm power subsidies in the 1970s led 
to depletion of groundwater resources in the western 
and south-central parts of the country, where 
groundwater is crucial for crop water requirements 
and where most farmers have electric connections. 
More recently, solar power has been introduced as 
a more versatile, green alternative to electric pumps 
that can form part of a climate change mitigation 
strategy. But, without carefully designed programs, 
they could further threaten groundwater sustainability 
because of the dramatic reduction in the cost of 
pumping. Therefore, the local electricity company in 
Karnataka state is required to buy back surplus solar 
power from farmers, thus treating solar power as a 
‘cash crop.’ The rationale is that if farmers can make 
money by selling excess power, then they have an 
economic incentive to irrigate their crops efficiently, 
thus helping to conserve groundwater and energy 
use.
Solarizing India’s electric tube wells could reduce 
carbon emissions by 4-5% per year. Researchers are 
piloting such a ‘smart solar pump’ model in Anand 
district in the State of Gujarat where the world’s first 
solar cooperative has been formed, enabling the 
utility company to buy back excess solar power at 
lower transaction costs, compared to purchasing 
power from individual farmers. If scaled up, the 
model offers a promising opportunity to improve 
agricultural productivity and profitability, decrease 
the demand for energy from fossil fuels and reduce 
carbon emissions, all while ensuring sustainable 
groundwater use (Fig. 5) (Shah et al. 2016). 
Supporting urban aquifers via inter-
sectoral water transfers
To address the significant challenges urbanization 
places on aquifers and their management, 
researchers are analyzing the business of rural-
urban water transfers and aquifer recharge with 
wastewater. In Bangalore, India, urban wastewater 
is directed to peri-urban tanks (reservoirs) for 
groundwater recharge, thus revitalizing reservoirs 
that have been dry for more than 18 years, and 
making groundwater accessible again for peri-
urban and urban users. The same trend is emerging 
in many other places around the world, such as in 
the Llobregat delta near Barcelona in Spain and in 
the Mashhad plain in Iraq, where farmers and the 
city swap freshwater against treated wastewater, 
while wastewater also replenishes the aquifer used 
by the city. Researchers are exploring models such 
as these to understand the enabling conditions, 
institutional linkages and incentive systems that 
would encourage inter-sectoral transfers of 
wastewater in safe and sustainable ways (Otoo and 
Drechsel Forthcoming).
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FIG. 5. SOLAR ENERGY USED IN IRRIGATION AND SOLD TO THE GRID BY THE DHUNDI COOPERATIVE IN INDIA.
Source: Shah et al. 2016
Selling power to the grid began in May, so up until that time all energy was used for pumping water. After 
May, when evacuation of surplus energy to the grid began, energy use for irrigation began declining.
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Enhancing community management 
through experimental games 
There are many successful models for managing 
common pool resources, particularly in relation to 
forests, protected areas and even surface irrigation. 
But, for groundwater there is a notable lack of 
proven models. However, in Andhra Pradesh, 
India, researchers have piloted experimental 
games to help water users understand the social 
and biophysical contextual variables that affect 
how farmers work together to solve groundwater 
challenges. Despite many aquifers being 
overexploited in this part of India, farmers have so 
far not been cooperating on regulating groundwater 
use. Researchers found that farmers’ inability to 
collectively manage groundwater was due in part 
to a lack of information: many farmers reported 
they thought that groundwater levels were mostly 
affected by rainfall and had not understood that 
selecting crops that require a lot of water can also 
contribute to depleting aquifers. The experimental 
games helped make explicit this connection.  The 
games have proved to be a useful entry point for 
discussion among community members on how 
cooperation can help improve water management 
(Meinzen-Dick et al. 2016). 
WANT TO GET A GRIPP 
ON GROUNDWATER?
The Groundwater Solutions Initiative for Policy 
and Practice (GRIPP) is a global partnership, 
hosted and coordinated by the International 
Water Management Institute (IWMI), that aims 
to strengthen, expand and connect current 
groundwater initiatives. Building on three 
decades of research, as well as initiatives 
like the GW-Mate initiative under the World 
Bank and the Groundwater Governance 
Project, it seeks to embed sustainable 
groundwater practices at the heart of natural 
resource management and the Sustainable 
Development Goals. Interested parties can 
learn more here: http://gripp.iwmi.org/. 
CONCLUSIONS
Use of groundwater in agriculture has increased 
agricultural production, improved incomes and 
contributed to food security. However, to maintain 
and extend these achievements, and to prevent 
groundwater depletion or degradation, greater 
knowledge of groundwater resources as well as policy 
and management options are required. 
WLE researchers have developed tools that water 
managers and investors can use to identify where 
and how to sustainably develop groundwater. WLE 
also supports transboundary aquifer management to 
strengthen the role of shared groundwater resources in 
enhancing water security. 
However, serious groundwater overexploitation 
also exists, particularly in parts of Asia. Addressing 
this requires an understanding of institutional, 
hydrogeological and stakeholder contexts, at all levels, 
and of how to develop the incentives that enables 
sustainable abstraction, without causing undue impacts 
on socio-economic development and equitable access. 
Critically, solutions cannot be viewed in single-sector 
policy arenas - the energy sector for example has 
had a large impact on groundwater use in India and 
is increasingly being leveraged to support sustainable 
groundwater use. 
WLE has provided significant new knowledge that 
will support sustainable investments in groundwater, 
food security and environmental services across Africa 
and Asia. Future areas of work will focus on improving 
understanding of how groundwater quality contributes 
to sustaining healthy environments, livelihoods and 
diets. Protecting and remediating the resource for 
improved water security and sanitation in peri-urban 
areas will also be a future focus. Other new areas of 
work include efforts to improve understanding of how 
groundwater is replenished, such as the interlinkages 
between groundwater and surface water for improved 
integrated management.
Learn more at: wle.cgiar.org/solutions
CGIAR RESEARCH PROGRAM ON WATER, LAND AND ECOSYSTEMS
BUILDING RESILIENCE THROUGH SUSTAINABLE GROUNDWATER USE 
9
REFERENCES
Altchenko, Y.; Villholth, K.G. 2013. Transboundary 
aquifer mapping and management in Africa: A 
harmonised approach. Hydrogeology Journal 
21(7): 1497-1517.
Altchenko, Y.; Villholth, K.G. 2015. Mapping irrigation 
potential from renewable groundwater in Africa – a 
quantitative hydrological approach. Hydrology and 
Earth System Sciences 19(2): 1055-1067.
Bird, J.; Dodds, F.; McCornick, P.; Shah, T. 2014. 
Water–food–energy nexus. In: On target for people 
and planet: Setting and achieving water-related 
sustainable development goals, eds., van der 
Bliek, J.; McCornick, P.; Clarke, J. Colombo, Sri 
Lanka: International Water Management Institute. 
Pp. 9-12.
Buisson, M-C. 2015. What does pump sets 
electrification change? Impacts on cropping 
patterns, productivity and incomes in West 
Bengal. Paper presented at the ICID 26th 
Euro-Mediterranean Regional Conference and 
Workshops on Innovate to Improve Irrigation 
Performances. Workshop: Irrigation and Energy, 
Montpellier, France, October 12-15, 2015. 5p.
Meinzen-Dick, R.; Chaturvedi, R.; Domènech, L.; 
Ghate, R.; Janssen, M.A.; Rollins, N.D.; Sandeep, 
K. 2016. Games for groundwater governance: field 
experiments in Andhra Pradesh, India. Ecology 
and Society 21(3): 38. 
Otoo, M.; Drechsel, P. Forthcoming. Resource 
recovery from waste: Business models for energy, 
nutrients and water reuse. A catalogue. London, 
UK: Earthscan/Routledge. 
Shah, T. 2014. Groundwater governance and 
irrigated agriculture. Stockholm, Sweden: Global 
Water Partnership Technical Committee. 69p. 
(TEC Background Papers 19).
Shah, T.; Durga, N.; Verma, S.; Rathod, R. 2016. 
Solar power as remunerative crop. IWMI-Tata 
Water Policy Research Highlight 10. 8p.
Siebert, S.; Burke, J.; Faures, J.M.; Frenken, K.; 
Hoogeveen, J.; Döll, P.; Portmann, F.T. 2010. 
Groundwater use for irrigation–a global inventory. 
Hydrology and Earth System Sciences 14: 1863-
1880.
Sood, A.; Smakhtin, V.; Eriyagama, N.; Villholth, K.G.; 
Liyanage, N.; Wada, Y.; Ebrahim, G.Y.; Dickens, 
C. 2017. Global environmental flow information for 
the sustainable development goals. Colombo, Sri 
Lanka: International Water Management Institute 
(IWMI). 37p. (IWMI Research Report 168). 
Villholth, K.G.; Sood, A.; Liyanage, N.; Zhu, T. 
Forthcoming. The role of groundwater and 
depleting aquifers in global irrigated food 
production. Nature Communications. 
Villholth, K.G.; Tøttrup, C.; Stendel, M.; Maherry, 
A. 2013. Integrated mapping of groundwater 
drought risk in the Southern African Development 
Community (SADC) Region. Hydrogeology Journal 
21(4): 863-885. 
IN PARTNERSHIP WITH:
About the Towards Sustainable Intensification: Insights and Solutions Briefs
WLE’s series of Towards Sustainable Intensification: Insights and Solutions Briefs synthesizes 
the research findings and solutions generated during the program’s first phase, which was 
composed of more than 140 projects across 48 countries in Africa, Asia and Latin America. 
Each brief is focused on a topic of strategic relevance to sustainable intensification of 
agriculture and provides analysis of and recommendations on how to place sustainability 
at the heart of agri-food systems. The series aims to guide and support decision and 
policy makers, investors, and others working to achieve poverty alleviation and livelihood 
improvements through sustainable intensification of agriculture. 
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